Circadian rhythms are perhaps among the genetically best characterized behaviours. Several mutations with drastic effects on circadian processes have been identified and models developed to explain how clock genes and their products generate self-sustained oscillations. Although natural variations in circadian phenotypes have been studied extensively, the genetic basis of such adaptive variations remains largely unknown. Here we report the results of a preliminary genetic analysis of adaptive divergence of circadian phenotypes in populations of fruit flies Drosophila melanogaster. Two sets of populations, 'early' and 'late', were created in a long-term laboratory selection for morning and evening emergence, with four independent replicates each. Over the course of B55 generations, the early flies evolved increased morning emergence and a shorter circadian period, whereas late flies evolved increased evening emergence and longer period. To examine the genetic basis of circadian phenotypes, we set up crosses between early and late flies, and monitored emergence and activity/rest rhythms in the F1, backcrossed and F2 progeny. Our analysis suggests that the genetic basis of divergent circadian phenotypes in early and late stocks is primarily autosomal. Line-cross analysis revealed that additive and non-additive genetic effects contribute to the divergence of circadian phenotypes in early and late flies.
INTRODUCTION
Organisms ranging from bacteria to humans exhibit daily rhythms in various behavioural and physiological processes. Many of these rhythms are regulated by endogenous time-keeping systems known as circadian clocks (Roenneberg et al., 2003; Helfrich-Förster et al., 2011) , which is evident from the persistence of these rhythms under constant conditions with near 24-h period. Circadian rhythms synchronize with earthly 24-h environmental cycles, using time-cues (zeitgebers) such as cyclic light, and temperature, and attain a stable phase relationship (c) with the environmental cycles, through a process known as 'entrainment' . Light is one of the principal entraining zeitgebers, and c of the entrained rhythms is known to be a function of circadian period (t) and photic phase response curve (PRC) (Johnson et al., 2003; Roenneberg et al., 2003) . Circadian rhythms are one of the best understood physiological processes at the genetic and molecular levels. Genetic analyses of mutagen-induced variation in c, t and PRC, have proven to be the most successful strategy in identifying genes involved in the regulation of: (1) core circadian oscillators, (2) input pathways by which environmental time cues such as light and temperature are sensed and (3) output mechanisms by which biological functions are regulated in a rhythmic manner (Bell-Pedersen et al., 2005; Hardin, 2011) .
Circadian rhythms are believed to be an evolutionary adaptation to rhythmic challenges posed by daily environmental cycles and are thought to confer advantage to living beings by scheduling their behaviours and physiological processes at favourable time of the daily cycle, and by coordinating their internal physiology (Hut and Beersma, 2011; Vaze and Sharma, 2013) . Although, every point on the earth's surface experiences 24-h rhythms of various abiotic factors, natural habitats differ in terms of many features of daily cycles such as daylength, and levels of light and temperature. Such variation in features of daily environmental cycles from one geographical location to another determines the extent of rhythmic challenges and consequently the variation in rhythmic selection pressure. Therefore, genetic variation in clock properties such asc, t and PRC among the natural populations, and their correlation with features of daily environmental cycles has been taken as evidence to suggest adaptive value of circadian clocks (Lankinen, 1986; Pittendrigh and Takamura, 1989; Costa et al., 1992; Sawyer et al., 1997; Michael et al., 2003; Tauber et al., 2007; Rieger et al., 2012) . Similarly, evolution of clock properties in response to laboratory selection for timing of rhythmic behaviours provides another line of evidence for adaptive value of circadian clocks (Pittendrigh and Minis, 1971; Kumar et al., 2007; Kannan et al., 2012; Yadav and Sharma, 2013) .
According to quantitative genetic theory, phenotypic variation in any trait results from alleles segregating at multiple loci (Falconer and Mackay, 1996; Hamilton, 2009) , primarily through inter-and intralocus allelic interactions, such as (i) additive effects of alleles (at the same locus and across multiple loci), (ii) interaction between alleles at the same locus (dominance) and (iii) interaction among alleles at two or more loci (epistasis; Falconer and Mackay, 1996; Hamilton, 2009) . Apart from the genes possessed by individuals, genotypes of interacting individuals are also known to influence the phenotype (Mutic and Wolf, 2007) . A classic example of such effects is the influence of maternal genotype on the offspring phenotype through factors other than genes contributed by the mother, which is known as maternal genetic effects (Mousseau et al., 2009) . Therefore, knowledge of genetic loci, intra locus and inter locus interactions (additive, dominance and epistatic genetic effects), and maternal effects are essential for a comprehensive understanding of the genetic architecture underlying any trait (Falconer and Mackay, 1996) . Furthermore, understanding of the genetic architecture of any trait is incomplete without the knowledge of genetic basis of naturally occurring trait variation. It is well established that the contribution of non-additive genetic effects (like epistasis) can greatly complicate efforts to identify and map genes underlying complex traits (Wade, 2001) . Therefore, estimates of contribution of non-additive effects to phenotypic variation may help in choosing strategies to find and map genes, and in interpreting results from quantitative trait locus analysis. Candidate gene studies based on genes identified through classical mutagenesis approach (Costa et al., 1992; Tauber et al., 2007) , and quantitative trait locus analysis of circadian phenotypes (Michael et al., 2003; Kim et al., 2007) , have helped in identifying the genetic basis of naturally occurring variation in circadian phenotypes. Although these approaches have been successful in the identification of genetic loci, the contributions of additive and non-additive genetic effects arising from inter-and intra-loci allelic interactions and that of maternal effects to adaptive variation in circadian phenotype are largely unknown. Except studies on mice (Shimomura et al., 2001) , pitcher-plant mosquitoes Wyeomyia smithii (Mathias et al., 2006) and bean beetle Callosobruchus chinensis (Harano and Miyatake, 2010) , there have hardly been any studies that throw light on the relative contribution of dominance, epistasis and maternal effects to the variation in circadian phenotypes.
Fruit flies Drosophila melanogaster exhibit robust daily rhythms in the emergence of adults from the pupal case and in its adult activity/ rest behaviour. Circadian control of these rhythms is well known and these rhythms are among the best understood circadian rhythms at the genetic, molecular and neuronal levels (Allada and Chung, 2010) . Rhythm in adult emergence is observed in populations of developing individuals and activity/rest rhythm in individual adults. Under laboratory, 12-h Light/12-h Dark cycles (LD) emergence primarily occurs during the light phase (day). Each day emergence begins with lights-on, peaks during the first 2 h and decreases with progression of day, with the end of emergence by evening. Individual flies are also active primarily during the light phase, with peaks of activity during lights-on and lights-off (Allada and Chung, 2010) . Here, we report the results of our study where we examined the genetic architecture underlying the circadian phenotypes of early and late populations of fruit flies D. melanogaster, created in a long-term laboratory selection study by imposing selection for adult emergence during morning and evening hours, respectively (Kumar et al., 2007) . The change in trait value in response to laboratory selection is considered equivalent to evolution occurring in nature, and therefore as per convention (Garland and Rose, 2009) we have used the word 'evolution' to describe selection-mediated changes in traits. The early and late stocks evolved enhanced emergence during morning and evening hours, as a result of evolution of divergent adult emergence waveforms. Circadian clocks of early and late stocks also evolved, which was evident from divergence of t (based on adult emergence and activity/rest rhythms) and PRC of emergence rhythm (Kumar et al., 2007) . Although the phase of entrained rhythms is known to be a function of properties of circadian oscillator such as t and PRC, they could also be a function of clock components downstream of the oscillator (Johnson et al., 2003) . Therefore, correlation between emergence timings and clock properties (t and PRC) in early and late stocks might not provide a proof of causal relationship. Such correlation can certainly be taken as suggestive evidence for the role of circadian clocks in the regulation of morning and evening emergence. Having characterized the circadian phenotypes, the aim of our current study was to examine the genetic architecture of circadian phenotypes of early and late populations.
In order to study the genetic bases of circadian phenotypes of early and late stocks, we set crosses between early and late stocks and obtained F1, F2 and back-crossed progeny. We scored morning and evening emergence, and estimated t of activity rhythm as a proxy for circadian phenotypes in the progeny from 16 different types of crosses (Figure 1 ). This scheme of crosses allowed us to test the contributions of sex chromosomes and two types of cytoplasmic factors. Offspring receives maternal cytoplasm in the form of egg cytoplasm, which in insects is known to influence several pre-adult and adult traits (de Belle and Sokolowski, 1987) . Short-lived maternal cytoplasmic factors such as hormones, messenger RNAs and proteins are known as transient maternal factors (TMF), whereas maternally inherited non-chromosomal genetic factors such as mitochondria persist
male + female female male Schematic diagram shows a set of crosses and the sequence in which they were performed while doing the genetic analysis of early and late circadian phenotypes. A total of 16 crosses were set up in a sequential manner in two stages. All the crosses were set up by mixing 200 virgin males and 200 virgin females of an average age of 6 days in plexiglass cages with BJ food and water ad libitum and were kept in LD conditions. In the first stage, standardized virgin males and females from a pair of early i and late k stocks sharing the same subscript (i ¼ k) were used to set up four crosses, parental E(1), parental L(4), and two types of F1 progeny (2), (3). Progeny flies emerging throughout the day for 2-3 consecutive days were collected to set up crosses for the next stage. Virgin males and females of (1), (2), (3) and (4) were used to set up 12 crosses in the second stage. Reciprocal crosses between parental E (1) and two types of F1 progeny (2), (3) produced four types of backcross to E progeny-(5), (6), (7) and (8). Similarly, reciprocal crosses between parental L(4) and two F1s (2), (3) yielded four types of backcross to L progeny-(9), (10), (11) and (12). Full set of reciprocal crosses between (2) and (3) produced four types of F2 progeny- (13), (14), (15) and (16).
throughout the lifetime, and are therefore known as permanent cytoplasmic factors (PCF; de Belle and Sokolowski, 1987) . Our study revealed that genetic basis of timing of emergence and t of activity/ rest rhythm in early and late stocks is primarily autosomal. In addition, we performed line-cross analyses to examine the relative contribution of additive, non-additive (dominance þ epistasis) and maternal effects to the circadian phenotypes of early and late flies. The results revealed that complex genetic architecture comprising dominance and epistasis underlie circadian phenotypes of early and late flies.
MATERIALS AND METHODS

Fly population maintenance and laboratory selection protocol
Fruit fly D. melanogaster populations selected for morning (early) and evening (late) emergence (Kumar et al., 2007) were used for the genetic analysis of morning and evening circadian phenotypes in the current study. Four replicate population, each of early i ¼ 1y4 , control j ¼ 1y4 and late k ¼ 1y4 flies, were initiated from four large, outbred ancestral populations (JB 1y4 ). Each of the early, control, and late stocks sharing the same subscript were initiated from a common ancestral JB population, and therefore each pair of early i and late k (where, i ¼ k) populations was treated as an independent replicate. Although maintenance and selection protocol of early and late stocks are described in great detail in Kumar et al. (2007) briefly, all populations were maintained as independent units on a 21-day generation cycle, with no gene flow between them. Each fly population was maintained as a large group of adult individuals, in a plexiglass cage of 25 Â 20 Â 15-cm 3 dimension, with banana-jaggery food and water provided ad libitum. At every generation, eggs were collected from the cage populations (B300 eggs per glass vial with 6-ml banana-jaggery food), and exactly 24, 16 and 48 such vials were set up early, control and late stocks, respectively. Throughout the pre-adult development and as adults, all populations were reared in cubicles maintained at constant temperature of 25 ± 0.5 1C (mean ± s.d.) and relative humidity of 75 ± 5%. Alternating LD cycles were created with sharp dark-to-light and light-to-dark transitions, with light intensity of B0.15 Wm À2 during the light phase. Time of the day under laboratory LD cycles was denoted as zeitgeber time (ZT) in hours. In every LD cycle, lights-on was considered as ZT00 and lights-off as ZT12. At every generation, populations of adults for early stocks were chosen by collecting flies that emerged during a span of 4 h in the morning (from 3 h before lights-on to 1 h after lights-on: ZT21-01) for 5 successive days (9th and 13th day after egg collection). Similarly, populations of adults for late stocks were chosen from flies that emerged during 4-h span in the evening (3 h before lights-off to 1 h after lights-off: ZT09-13). Four replicate control stocks were also maintained exactly similar to the selected populations, except that populations of control stocks were chosen from flies that emerged throughout the day, for the same 5 days. Therefore, control stocks were not under any conscious selection for timing of emergence. At the end, care was taken to ensure that each selected and control populations consisted of B1200 individuals, with approximately equal number of males and females.
It has been observed that non-genetic factors such as altered physiology of the parents due to environmental conditions that they experience can influence the phenotype of their progeny. Consequently, selection regimes imposed on populations can also influence the phenotype of their progeny because of some unknown non-genetic effects. Therefore, we subjected selected and control populations to a common rearing condition comprising relaxed selection for one generation before conducting any assay on these populations. Hereafter, the progeny of such flies will be referred as 'standardized flies' .
Crosses between early and late flies
A total of 16 crosses were set up in a sequential manner as shown in Figure 1 for every pair of early i and late k (where i ¼ k) stocks. All the analyses performed on progeny phenotypes are presented separately for each replicate pair of early and late stocks, and four replicates were named as R1, R2, R3 and R4, respectively.
Adult emergence assay
Approximately 300 eggs per vial were collected from each crossed populations, and after egg collection all vials were stored under laboratory LD conditions. After flies started to emerge, its numbers from each vial was recorded as separate counts of males and females four times a day at ZT02, 08, 14 and 20, as an estimate of emergence during morning, mid-day, evening and night windows, for up to four consecutive days. The number of flies of any given sex that emerged in a 6-h window was normalized by the total number of flies of the same sex that emerged from the same vial in that particular cycle, with ZT20 marking the start of the cycle. Cycles with less than 8 males or females from any given vial were not considered for calculation of vial average for emergence. Therefore, the number of days of data considered for any given vial varied between 2-4 days, irrespective of the population (early/late). All the vial means for percentage emergence values were arc-sine square-root transformed before doing any further analysis.
Activity/rest assay
Activity/rest behaviour of about 48 unmated male and 48 unmated female flies, collected over 2-3 consecutive days from each cross, were recorded under constant darkness (DD) for over 10 days using Drosophila Activity Monitors from Trikinetics (Waltham, MA, USA). Activity of individual flies was recorded inside locomotor activity tubes (glass tube of 5-cm length and 4-mm inner diameter) provided with standard corn-sugar-yeast medium. The t of activity/rest rhythm was calculated for individual flies by analyzing activity data collected in 5-min bin for a minimum of 10 days, using Lomb-Scargle Periodogram in CLOCKLAB (Actimetrics, Wilmette, IL, USA).
Statistical analyses
Percentage emergence during morning or evening hours and t of activity/rest rhythm was calculated to quantify the circadian phenotypes. Differences among the circadian phenotypes of selected and control populations were tested by carrying out mixed model analysis of variance (ANOVA). Comparisons of adult emergence data among selected and control populations was analysed by mixed model two-way ANOVA, in which selection regime (early/control/late; S), window of emergence (morning/evening; W) were considered as fixed effect factors, and four replicate populations (block-B) were treated as random factor. Comparisons of t of activity/rest rhythm among selected and control populations were carried out by mixed model one-way ANOVA. Post hoc multiple comparisons were carried out using Tukey's test.
The scheme of crosses between early and late stocks (as shown in Figure 1 and Supplementary Table S2A ) allowed us to test the contribution of four hereditary factors-sex chromosomes (X, Y) and maternal/cytoplasmic factors to the difference between early/late circadian phenotypes following the approach adopted by de Belle and Sokolowski (1987) . Supplementary  Table S2A provides scheme of crosses and inheritance of four hereditary factors in the progeny flies. Comparisons among mean circadian phenotypes (morning and evening emergence, and t of activity/rest rhythm) of appropriately chosen progeny allowed us to test the contribution of each of the four factors and their interactions to the difference between early and late phenotypes, as shown in Supplementary Table S2B, following de Belle and Sokolowski (1987) . Null hypothesis of no difference among mean circadian phenotypes of 16 types of progeny from crosses between each pair of early and late stocks was tested by one-factor ANOVA, followed by test of hypotheses concerning the contribution of various hereditary factors (Supplementary  Table S2B ), performed by planned contrast ANOVA. Differences between progeny, which share three of the four hereditary factors, were tested for significance to assess the contribution of the fourth factor. For example, in a test for contribution of PCF, female progeny of crosses 13 and 14 have the same type of X chromosome, autosomes and TMF but differ only in the type of PCF. Therefore, comparison of (13 þ 14) with (15 þ 16) was used to test the contribution of PCF to the differences between early and late phenotypes (Supplementary Tables S2A and B) . This analysis was performed separately on each replicate pair of early and late stocks (R1, R2, R3 and R4).
Analysis of line-crosses
Analysis of line-cross was performed to examine the contribution of additive effects (A), dominance (D), maternal effects (M) and epistasis (E) to the difference between early and late circadian phenotypes. Analyses of each of the four replicate pairs of early i and late k stocks (where i ¼ k) were performed separately. Analysis of each trait was done separately for males and females. Mean phenotypes and variances were calculated for progeny from each of the crosses, which will be called 'generation mean' hereafter. Generation means were analysed following the protocol described in Mather and Jinks (1982) . Briefly, the analysis was aimed at identifying the genetic models that best explain the variation in observed generation means. Observed generation means were fitted to genetic models comprising different combinations of A, D, M and E, using weighted least-square regression to estimate parameters of the genetic models, which were used to calculate the generation means expected under respective models. Goodness-of-fit of the observed generation means with those expected from the model was examined using w 2 test. Significant difference between observed and expected generation means in w 2 test would indicate that the observed means were not in agreement with those expected from the model, which then prompted testing of higher models. Lack of significance indicates that observed means are explainable by the model being tested, and thus suggest that genetic effects incorporated in the model are sufficient to explain the variation among generation means. The parameter coefficients used while estimating model parameters by weighted least-square regression are given in Supplementary Table S4 . Assignment of parameter coefficients was according to Tables 11.4 and 13.2 in Kearsey and Pooni (1996) as followed by Bieri and Kawecki (2003) .
We tested the goodness-of-fit of models consisting up to eight composite genetic parameters-additive (a), dominance (d), and three types of diagenic epistatic interactions-additive-additive (aa), additive-dominance (ad), dominance-dominance (dd), maternal additive effect (a m ), maternal dominance effects (d m ) and cytoplasmic effects (c). In traditional joint scaling test, model testing starts with the simplest possible model such as the one containing only additive effects, and if simpler models are found to be inadequate in explaining variation in the observed means, further genetic effects are added sequentially in the order dominance, epistasis and maternal effects, until the observed means match those expected under the model. However, the order in which the parameters are added influences the detection of effects of parameters added later, and thus the best-fit model obtained in this manner may not provide us with the most parsimonious model. Therefore, we followed another method adopted by Bieri and Kawecki (2003) , wherein every parameter could either be added or removed from the model. Although more than one model could have adequately described the observed variation in the generation means, to find the most parsimonious model we used Akaike's Information Criterion (AIC), following Bieri and Kawecki (2003) , which detects the best compromise between the amount of variation explained and the number of parameters used. AIC was calculated for every candidate model tested for each trait, and the model with minimum AIC was selected as the model that best explains the observed variation in generation means.
RESULTS
Divergence of emergence preference and s in early and late stocks
We used the percentage of flies emerged during morning and evening hours as a surrogate measure for circadian emergence phenotypes of early and late stocks under LD. The early stocks showed higher emergence during morning (B63%) and a lower emergence during evening hours (B3%), whereas late stocks exhibited greater emergence during evening (B35%) and a lesser emergence in morning hours (B15%), and were found to be significantly different from each other ( Supplementary Figures S1A and S1C ; Supplementary Table S1A ).
The t of activity/rest rhythm in early and late stocks diverged from that of controls, and were found to be significantly different from each other (Supplementary Table S1B Adult emergence phenotypes ANOVA on percentage emergence during morning and evening hours (arc-sine square-root transformed) in progeny flies showed a statistically significant effect of cross in all the four replicates (Po0.001; Supplementary Tables S3A and B) . Planned contrasts on the morning emergence data showed that in males, Y chromosome (in R 1 ), X chromosome þ maternal factors (in R 3 ) and TMF (in R 4 ) showed a statistically significant effect. In females, none of the hereditary factors showed statistically significant effect (Table 1A ). In case of evening emergence, except in R 4 males where significant effect of TMF was seen, tests for none of the other hereditary factors showed statistically significant effect (Table 1B) . Although genetic basis of early and late emergence phenotypes appear primarily autosomal, contribution of X chromosome and cytoplasmic factors is evident in some replicates.
t of activity/rest rhythm ANOVA on the t of activity/rest rhythm in progeny flies showed a statistically significant effect of cross in all the four replicates (Supplementary Table S3C ). Planned contrast analysis revealed that in males TMF (in R 2 ) and interaction of TMF with other factors (in R 4 ) had statistically significant effect, whereas tests for none of the other hereditary factors showed statistically significant effect in R 1 or R 3 males or in any of the replicates in females (Table 1C) . Therefore, genetic basis of divergent t of activity/rest rhythm in early and late flies is primarily autosomal.
Line-cross analyses
Analysis of line-crosses between early and late flies revealed a complex genetic architecture underlying their circadian phenotypes. Genetic architecture underlying t was relatively simpler than that of morning and evening emergence. For each trait, genetic architecture of circadian phenotypes varied among the replicates and differed between males and females. Tables 2A-C show the parameter estimates for the genetic model that best explained variations in the generation means among all the models that were tested (that is, the model with smallest AIC value).
Emergence during morning hours
Crosses between early and late flies revealed that additive, dominance and epistatic effects contribute to the differences in morning emergence (Table 2A ; Figure 2a ). In males, difference in morning emergence in only one out of four replicates (R2) was explainable by simple additive effects alone, but incorporation of dominance and epistasis improved the fit (Table 2A; Supplementary Table S5 ). In the remaining three replicates, none of the genetic effect models including dominance, maternal effects and diagenic epistasis were able to explain the difference between early and late stocks (Table 2A;  Supplementary Table S5 ). In females, difference in morning emergence was not explainable by simple additive model in any of the four replicates (Table 2A; Supplementary Table S6 ). In two replicates (R 1 and R 2 ) additive and epistatic effect model was sufficient to explain the differences, but in R1, addition of dominance effects improved the fit (Table 2A; Supplementary Table S6 ). In two other replicates (R 3 and R 4 ), none of the models could explain the differences (Table 2A;  Supplementary Table S6) . Together, these results suggest the role of additive and non-additive (diagenic epistatic and higher-order interactions) genetic factors in the regulation of morning emergence in early and late populations.
Emergence during evening hours
Like the genetic architecture of morning emergence, additive and epistatic interactions were required to adequately explain the differences in evening emergence between early and late stocks (Table 2B ; Figure 2b ). In males, additive-dominance model was sufficient to explain the differences in evening emergence in one of the replicates (R 3 ), whereas in (R 2 ) the differences were explainable by additive and diagenic epistatic effect model. In case of two replicates (R 1 and R 4 ), none of the models were sufficient to explain the differences between early and late flies (Table 2B; Supplementary Table S7 ). In females, additive and diagenic epistasis model adequately explained the differences in evening emergence in two of the four replicates (R 1 and R 3 ), whereas in the other two replicates (R 2 and R 4 ), none of the models were sufficient to explain the differences in evening emergence (Table 2B; Supplementary Table S8) . These results suggest a role of additive, dominance and epistatic interactions in the regulation of evening emergence.
t of activity/rest rhythm Crosses between early and late flies revealed that genetic architecture underlyingt of activity rhythm is relatively simpler than that underlying timing of emergence (Table 2C ; Figure 2c ). Difference in t of two replicates each in male (R 1 and R 3 ) and female (R 1 and R 4 ) was explainable by simple additive model (Table 2C; Supplementary  Tables S9 and S10 ). In case of males (R 1 and R3), fit of the observed generation means was better after the addition of maternal effects (Table 2C; Supplementary Table S9) , whereas in R1 females addition of epistatic effects improved the fit (Table 2C; Supplementary Table  S10 ). Differences in t in both males and females of the remaining replicates could not be explained by any of the higher-order models (Table 2C ). These results suggest that non-additive genetic interactions and maternal effects underlie divergent t of activity/rest rhythm in early and late populations.
DISCUSSION
Contribution of sex chromosomes and maternal factors
Our analyses revealed that morning, and evening emergence, and t of activity/rest rhythm did not differ between males of the reciprocal F1 crosses (Test 3, Tables 1A-C; Supplementary Table S2B ; except for morning emergence in R 3 males), which suggests that X chromosome does not contribute to the differences between the circadian phenotypes of males in early and late stocks. In females also, effect of X chromosome did not reach the level of statistical significance (Test 5,  Tables 1A-C; Supplementary Table S2B ). The three circadian phenotypes of F2 males (Test 7, Tables 1A-C; Supplementary Table S2B) were statistically not different (except for morning emergence in R1 males, Table 1A ), suggesting lack of contribution of Y chromosome to the differences in circadian phenotypes of early and late stocks. Moreover, contribution of interaction of X chromosome with other hereditary factors (in females, Test 6, Tables 1A-C; Supplementary  Table S2B ) and of Y chromosome with other hereditary factors (Test 8, Tables 1A-C; Supplementary Table S2B) did not reach level of statistical significance in case of any of the circadian phenotypes. Table 2 Estimates of model parameters, w 2 values for the model, which best explained the variation in emergence phenotypes and in period of activity/rest rhythm in the progeny from crosses between early and late stocks: (A), morning emergence; (B), evening emergence; (C), circadian period (t) of activity/rest rhythm Together, these results suggest that sex chromosomes do not contribute to the divergence of circadian phenotypes in early and late stocks. Analyses of contribution of PCF and its interactions with other hereditary factors revealed that they too do not contribute to the differences between the circadian phenotypes of early and late stocks (Tests 9, 10, Tables 1A-C; Supplementary Table S2B ). Contribution of TMF and its interactions with other hereditary factors were testable only in males (Tests 11, 12,  Tables 1A-C; Supplementary Table S2B) . Out of four replicate populations, in R 4 alone, TMF showed a significant effect on morning and evening emergence; however, interaction of TMF with all other factors showed a statistically significant effect on t (Tables 1A-C), indicating that maternal effects do not contribute to the differences between the circadian phenotypes of early and late stocks. Furthermore, absence of any effect of PCF suggests that non-chromosomal genetic factors (mitochondria) do not contribute to the differences in the circadian phenotypes of early and late stocks. From these results it appears that on an average, the genetic basis underlying circadian phenotypes of early and late stocks is primarily autosomal and there is no contribution of maternal effects.
The lack of contribution of X chromosome to the circadian phenotypes of early and late stocks may seem anomalous in light of the fact that X chromosome constitutes almost one-third of the total genome in D. melanogaster, and at least two known core clock genes period and shaggy are located on it (Hardin, 2011) . Our results thus suggest that X-linked clock genes are not involved in causing divergence in circadian phenotypes between early and late stocks, probably because of the lack of segregating allelic variation for X-linked clock genes in our baseline populations.
Line-cross analysis
Line-cross analysis is by far the most powerful method to detect contribution of non-additive genetic effects to the divergence in mean phenotype among two populations or species (Demuth and Wade, 2006) . Our analyses revealed that in at least half of the replicates, variation among generation means (for all the three traits) was not adequately explained by any of the models tested (Tables 2A-C ; Figures 2a-c) . Failure of any of the models to explain variation in case of several replicates could be due to the limitation of diagenic epistasis models to detect gene interactions involving more than two loci (Teotonio et al., 2004) , which indicates the contribution of linkage and/or higher-order interactions to the variation in those replicates. In addition, the Mather and Jinks method (Kearsey and Pooni, 1996) assumes that the parent populations are inbred and isogenic, and therefore another reason for the lack-of-fit may be the presence of multiple alleles. Despite the inadequacy of any of the tested models to explain trait variation among generation means in those replicates, additive effects were highly significant (Tables 2A-C) , and pattern of generation means was nearly linear in each of those replicates (Figures  2a-c) . This indicates that most variation in the circadian phenotypes of early and late stocks is explainable by additive genetic effects. Thus, the higher-order interactions and/or linkage, which is possibly the reason for the inadequacy of all the tested models to explain the variations, and is probably relatively small but significant contributor. Therefore, estimates of broad sense and narrow sense heritability would provide a greater insight into the relative contribution of additive and non-additive genetic effects to the trait variation. However, heritability estimates (obtained by the analysis of generation variances as per the method described in Kearsey and Pooni (1996) ; Lynch and Walsh (1998) for all the three traits (morning, evening emergence and t of activity/rest rhythm), revealed that in many replicates the estimates were biologically meaningless (o0 or 41), probably owing to very high s.e. of variance estimates (heritability estimates, Supplementary Table S11; variance estimates of parent, F1, backcross and F2 generations, Supplementary Figures S2A-C) . Therefore, heritability estimates could not be used to judge the relative contribution of additive and non-additive effects to the divergence of circadian phenotypes between early and late stocks. Our evidence thus far suggests that although non-additive effects were essential to explain variation, substantial portion of the variation was explainable by additive effects.
Our analysis showed that no single pattern of additive, nonadditive and maternal effects was sufficient to explain divergent circadian phenotypes of early and late stocks for all the replicates. Different patterns of contribution of additive, non-additive and maternal effects among the four replicates suggest that distinct genetic architecture underlie divergent circadian phenotypes of early/late stocks. However, as discussed earlier, given the indication of additive effects as a primary cause of variation, observed differences in genetic architectures among replicate populations are although real, may be of less importance. This aspect of our results is similar to the observations in other studies. Crosses between populations of fruit flies D. pseudoobscura maintained at different temperatures indicated the evolution of different patterns of epistatic interactions among replicate populations (Mourad, 1965; Mathias et al., 2006 ) also reported differences in genetic architecture underlying divergent critical photoperiod and circadian phenotypes among replicate populations of pitcher-plant mosquito W. smithii selected for different critical photoperiod. Observed differences in genetic architecture underlying divergent circadian phenotypes among replicate early and late populations in our study may be attributable to inherent genetic variation among replicate populations possibly because of: (1) the replicate baseline populations in our study (from which each replicate early and late populations were initiated) may have differed genetically due to 'founder effect' (Falconer and Mackay, 1996) experienced by rare alleles in the ancestral population while founding of the replicate populations; (2) after the founding of replicate populations, they were maintained as independent populations for B700 generations before the initiation of selection for morning and evening emergence (Kumar et al., 2007) . Consequently, mutational histories experienced by the individual replicates during this period may have further caused genetic divergence among them (Teotonio et al., 2004) , and (3) the variation in effective selection pressures among replicate early/late populations could be an additional source of genetic variation. Therefore, different patterns of additive and nonadditive effects to the divergent circadian phenotypes among replicate early and late populations could be attributable to (1) inherent genetic variation for circadian phenotypes among replicate populations, which is independent of genetic change brought about by selection for morning/evening emergence, and (2) an interaction between inherent genetic differences among founding populations and genetic change brought about by imposed selection.
Large outbred populations under divergent selection are thought to undergo phenotypic differentiation through selection on additive genetic variation (Coyne et al., 1997) . Consistent with this notion, divergence in several fitness traits between populations of fruit flies D. melanogaster, selected for increased starvation resistance, or for shorter lifespan, has been found to be primarily contributed by additively acting genes (Teotonio et al., 2004) . However, contribution of non-additive genetic effects observed in house fly populations selected for morphological characters and for courtship behaviour (Meffert, 2000) , suggests that contribution of such non-additive genetic effects to the divergence of phenotypes in large populations is likely.
Epistasis and its implications
Our analyses revealed evidence for the contribution of non-additive genetic effects such as dominance and epistasis to the adult emergence waveforms and the t of activity/rest rhythm in early and late stocks. Apart from it being a description of the genetic architecture underlying the circadian phenotypes of early and late stocks, evidence for contribution of epistasis to the variation in circadian phenotypes may have deep implications for molecular level model building of circadian clocks. The contribution of epistasis indicates that the phenotypic effects of an allele at a particular locus are dependent upon alleles present at other loci (Demuth and Wade, 2006) . Forward genetic screens have been the workhorse in the identification of genes involved in circadian processes, and over the years several gene mutations showing effects on circadian rhythms have been identified in systems spanning bacteria to mammals (Bell-Pedersen et al., 2005; Hardin, 2011) . Subsequent studies on the behaviour of products (messenger RNA, proteins) of such mutant and wild-type alleles in the presence and absence of mutant alleles at other loci have led to the development of molecular models to explain how clock genes and their products generate self-sustained oscillations, sense environmental time cues and regulate timing of target behaviours/ physiological processes (Bell-Pedersen et al., 2005; Hardin, 2011) . However, these models have been typically based on the molecular analyses of inbred strains, which lack or have limited allelic variation at any given locus (for exmple, wild-type Canton-S strain of D. melanogaster), and may not necessarily hold true if tested on variable genetic backgrounds, especially for genes with subtle effects on circadian phenotypes, considering the evidence for epistasis (Rutila et al., 1996; Shimomura et al., 2001) . If this is the case then the validity of such models in natural populations, which harbour much of allelic variation, may need to be reconsidered. Taken together, this suggests the need for a cautious approach towards defining the roles of genes in the so-called circadian clockwork without the knowledge of phenotypic effects of mutations on different genetic backgrounds.
Differences in genetic architectures of emergence and activity/rest rhythms We found that the genetic architectures differed between emergence behaviour and t of activity/rest rhythm. First of all, adult emergence and activity are two different behaviours and they were measured under two different environmental conditions, LD (entrained) and DD (free-running), respectively. Therefore, the observed differences may primarily be due to different sets of genes associated with the two behaviours, environmental effects, or due to differential gene and environment interaction. In light of the standard input-oscillatoroutput model of clocks (Allada and Chung, 2010) , t (DD phenotype) only provides information about oscillator, whereas entrained behaviour (LD phenotype) includes contribution of all the components. Therefore, differences in genetic architectures between emergence and t are likely to be due to genes coding for input and output components in addition to oscillator components.
Summary
In summary, the results of our study suggest that divergence of early and late circadian phenotypes is primarily attributable to additive and non-additive genetic effects of autosomal loci. Also, distinct patterns of contribution of additive, non-additive effects and maternal effects to the early and late circadian phenotypes among replicates suggest multiple genetic solutions to the evolution of similar circadian phenotypes under uniform selection pressures. This knowledge may prove valuable while further elucidating the genetic architecture underlying divergent circadian phenotypes of early and late stocks. Having found that genetic basis of circadian phenotypes in early and late populations is primarily autosomal, the next logical step would be to use multiple complementary approaches, such as chromosome substitution analysis and whole genome sequencing to identify the putative genetic loci. Subsequently, these loci can be examined for their causal role in the regulation of circadian phenotypes of early and late flies.
DATA ARCHIVING Data deposited in the Dryad repository: doi:10.5061/dryad.4c77r.
